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Abstract
MQM is a superconducting quadrupole that will be installed in the LHC inser-
tions. This report focuses on the design steps involving the use of Roxie. An
overview of the magnet and the cable parameters is given. The results of the
optimization of the MQM cross section and the coil ends are presented. Finally
the use of Roxie as a tool for supplying information to the quench calculation
programs is illustrated.
1 Introduction to MQM
MQM is a superconducting twin aperture quadrupole that will be used in the insertions of the LHC. The
required operational conditions are specified in Table 1. The magnet will be used at   and  
with several lengths. Table 2 describes the different versions in which the same cross section will be used
along the LHC.
Table 1: Nominal specifications of MQM
4.5 K 1.9 K
Gradient 	
 160 200
Current 	 4200 5200
Load line 0.80 0.77
Table 2: Models of MQM
Length(m) Temperatures(K)
Model I 3.4 4.5
Model II 4.8 1.9/4.5
Model III 2.4+3.4 1.9
Model IV 3.4+3.4 1.9/4.5
1.1 Overall structure
Due to the two in one structure of the magnet, the main lattice quadrupole structure was chosen. In
this structure the collars are able to withstand the forces due to the precompression of the coils and the
magnetic forces. The two collared coils are assembled separately and then are put together in the yoke.
This approach has several advantages.
1. A single piece yoke. With other structures it is necessary to split the yoke in several parts.
2. The Saclay quadrupole is the only twin aperture superconducting quadrupole already developed
and tested.
3. The movement due to the magnetic forces is restrained by the collar instead of the yoke.
4. The design of the yoke and the collar are decoupled, i.e. the yoke can be designed attending only
to magnetical considerations and the collar to mechanical.
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The magnet consists of two identical, independently powered, apertures. The cross section can be
seen in figure 1. Each aperture has four poles made from two layers of cable cured in a single process.
The main components of the coils are the cable, the layer jump, the copper wedges and the end-spacers.
Fig. 1: Magnet’s cross section
For the collaring of the coils, the midplane and ground plane insulation are placed around the
coils and the collaring mandrel is installed in the aperture. Round collars are placed in the region of the
end-spacers and the layer jump, and collars with polar piece are placed in the straight section. Then the
collars are locked by 4 stainless steel keys which are inserted with a press. Two end-plates are put at both
sides of the collared coils and the plates are welded to the keys, the keys are used hence for two different
purposes, collaring and longitudinal assembly.
The connection boxes are placed in the lead end of the collared coils, the leads are connected so
that the magnet actually becomes a quadrupole. One of the advantages of this design is that the aperture
can be handled as a separate self-supporting unit.
For the final assembly of the magnet, two apertures are put together in vertical position. The
yoke laminations are slid along the collar. The laminations are slightly asymmetric,so that only one of
two laminations actually touches the yoking keys placed in the collar. Longitudinal pins keep the yoke
laminations together and the process continues upward. Finally an end-plate and an outer inertia tube
which also acts as the helium vessel are placed. For the time being it is not clear if it will be necessary
to install the skin in vertical position or if it will be possible to install some keys in the outer part of the
yoke laminations to give it enough bending rigidity to allow a further handling without skin.
Figure 2 is the longitudinal section of the magnet, where it is possible to see how the aperture is
not restricted longitudinally by any end plate, the longitudinal forces being stopped by the collaring keys.
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Fig. 2: Magnet’s longitudinal section
1.2 Cable
The cable that will be used is that of the external layers of one of the prototypes of the low  LHC
magnets [1]. The main characteristics are exposed in table 3
























Major edge 0.92 mm
Minor edge 0.77 mm
Number of strands 34
Strand diameter 0.475
Filament diameter 10 & m
Twist pitch 63 mm
Insulation (radial and lateral) 0.075
Young modulus (normal to broad face, 300 K) 13.3 GPa
The insulation of the cable is based on 2 layers of polyimide film, the first one with a 50% over-
lapping and the second is an adhesive film that will be wrapped with a gap of 2 mm between turns.
2 Cross section design
The specifications with respect to field quality are quite strict. It was first observed that most of the
configurations had persistent current effects with values of ')(*,+-+. around -5.8. It was decided to have a
partial compensation of this effect by setting the ')(*,+/+. of the transport current at a value around 2. In the
other hand it was tried to keep ' (*,+-+
(

at values under 0.07. All the values of field quality are according
with [2].
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2.1 Transport current calculations
To obtain the desired cross section a perl script was programmed that changed automatically the input
of Roxie [3] and run an optimization. With that method it was possible to explore hundreds of solutions.
The figure 3 is the final cross section after the optimization process. It has 16 turns in the inner layer and
21 in the outer. The alignment of the first conductors of both layers is considered an advantage from the
point of view of mechanical assembly.
Fig. 3: Cross section
The main characteristics of the cross section are given in table 4. The values presented here
correspond to a linear Roxie model.
Table 4: Cross section data
1.9 K 4.5 K
Current 5135 A 4108 A











Load line percentage 80 % 80.7 %
2.2 Persistent currents
For the calculation of the persistent currents effect Roxie was employed. The main input parameters and
the results of the calculation are given in table 5
Table 5: Persistent currents
Minimum field 0 T/m
Maximum field 225 T/m
Field at injection 14.5 T/m












As it can be seen from the sign of '
(*,+-+




It is also necessary to calculate the variation of the field quality with several geometrical parameters.
This will provide with an estimation of the required tolerance of the components for the magnet. It
would be also possible to tune some of the harmonics by the modification of some of the parameters.
The following calculations have been performed with a text based version of Roxie, whose input has
been automatically modified by a Perl script.
In figure 4 it is possible to see the variation of '0(*,+/+. and ')(*,+/+
(

with the variation of the midplane
insulation. In this simulation it has been supposed a global variation of the insulation maintaining the
quadrupolar symmetry. The shape of the conductor is not changed, that means that the stress is kept
constant and the variation in the midplane insulation is compensated by a variation of the azimuthal
shim.
As it is possible to see in figure 4, the increase in the harmonic content for variations of the
midplane insulation is quite high. The field quality is only acceptable in the proximity of the nominal




























Fig. 4: Variation of field quality with midplane insulation





&2 and the results are presented in
figures 5 and 6. As in the previous section the stress in the cable is supposed to be nominal and the










































Fig. 6: Variation of field quality with cable insulation
As it is possible to see from the previous figures, only if the thickness of the insulation is near to
the nominal one, 4  &2 , the field quality is acceptable.
Another source of error is the alignment of the conductor to the outer radius. The table 6 is a
comparison of the harmonics in the nominal case and in the outer alignment.












The increment of ')(*,+/+. is in the opposite direction to the harmonics created by the persistent
currents, so that the effect is not necessarily negative. In the other hand ' (*,+-+
(
 increases in absolute
value, although it is still under the required value of ﬂﬁﬂ 4 .
If the thickness of the midplane insulation is changed only in one place the magnet losses the
quadrupolar symmetry and all the normal harmonics appear. This can be seen in figure 7, where the




































Fig. 7: Variation of field quality with variation of midplane insulation in 1 pole
The shimming changes the geometry of the coils. From the point of view of the modeling of the
coils, there are two reasons for that. First of all the cable will become flatter, if we consider a layer of the
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coil made from a lower block of 5
(
turns and an upper block of 5
 
turns, the relative change of size in










Where it is supposed that the deformation of the copper wedge is much smaller than the defor-
mation of the coils due to the much higher Young modulus of the copper ( H/IKJ @  ﬁﬂMLON 9 at room
temperature). In the other hand, the position angle of the upper block (as defined in Roxie) will be mod-
ified due to the deformation of the lower block. An approximated expression for the modification of the









is an average radius of the layer. This analysis has been performed for MQM and the





























Fig. 8: Effect of the variation of a shim from the nominal value
The main use of figure 8 is to relate the non-systematic geometrical size errors in the coil with
the harmonics that will be created once it is given the desired pre-stress. It is specially high the amount
sextupole, 5 units coming from an error of ﬂﬁ - .
The listing of the perl script and the Roxie template that perform this simulation can be seen in
appendix A.
2.4 Effect of iron saturation and cross-talk
The effect of iron saturation and cross talk has been studied with Roxie. The simulation has proved that
both effects have a negligible impact in the magnet performance. Figure 9 is a plot of the ')(*,+-+
(
created
by the cross-talk. As we can see even well over the short sample limit of the magnet (around % ﬁﬂﬁﬂ  ),








is only of   G&2 .























Only aperture 2 powered
Both apertures powered
Fig. 9: j U with symmetrical and asymmetrical excitation























Fig. 10: Flux density in the yoke at 5700 A in both apertures
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3 Coil-end design
3.1 Shape of the ends
The shape of the coil ends was determined with the program Roxie using an isoperimetrical method. The
determination of the shape of the ends implies the choose of two sets of parameters, the ellipticity of the
ends and the longitudinal position of the different blocks. The main aim was to keep the ends as compact
as possible (in order to maximize the magnetic length to total length ratio), to maintain the harmonics at
an acceptable level, and to keep the peak field in the ends at same value than in the cross section without
using non-ferromagnetic yoke laminations in the ends. The shape in the ends was chosen to have an
ellipticity in the sz plane around 0.7, that according with previous experience makes the winding of the
ends easier. In order to have a good shape in all the conductors of a block, it was necessary to split several
of the blocks, the final result is plot in figure 11. and the end-spacers are represented in figure 12.
Fig. 11: Developed view of the coils
Fig. 12: Return end end-spacers
3.2 Peak field in the ends
It was decided in the beginning to try to keep the ferromagnetic yoke’s laminations in the ends. The
problem is then avoiding the increase of the maximum peak field in the ends. To solve that problem,
the peak field along the conductors was calculated for several longitudinal disposition of the conductors.
Finally a solution was chosen that gives a more or less constant peak field along the conductor.
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In the cross section the peak field is in the inner, upper block. In order to avoid the increase of
the 2D peak field in the ends, it is interesting to have some turns of the outer coil finishing before the
conductors with higher field in 2D start to turn in the end-spacer. This has been done by taking one turn
of the outer, upper block. It is interesting to notice that if more turns are handled like that the peak field
in 3D will go to this new 3D block. Fortunately, it is possible to find a solution in which the peak field in
the ends doesn’t exceed the one in the cross section. In figure 14, it is possible to see how the peak field
in the ends is not larger that the initial peak field in 2D (in block 6, inner layer near the collar nose).























Fig. 14: Peak field in the ends
3.3 Harmonics
In order to calculate the effect of the ends on the beam, the integrated field multipole expansion is the
most often used parameters. The table 7 is an abstract of the values of the field allowed harmonics in the
return end.















Return end ﬂﬁ    B ﬁﬂﬁ  ﬂ ^ 1 ﬁ  ﬂ ^;p q  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to the integrated field of imperfections in the ends with those in the two-dimensional specially
important to realize that the 3D errors add up with the 2D transport current this gives a compensation of
the the 50%, that was set as the objective in the beginning of the design.
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3.4 Longitudinal force distribution in the ends
Another important parameter in the design of the ends is the variation of force in the longitudinal direc-





































Fig. 15: Longitudinal force in all conductors. I=5180 A
3.5 Modeling of the lead end
In order to calculate the harmonic contribution of the components in the connection side of the magnet a
full model of the lead end has been developed. This model can be seen in figure 16. The connection side
is made of three parts, the layer jump, the end-spacer area and the connection box. The layer jump, with
a full length of q ﬀa is made of three parts, in the first the conductor twists until finishing parallel to
the final position, then it shifts parallel to the broad face until becoming align to the final position, finally
it goes to its final position following a cubic equation with zero derivative in the initial and final points.
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Fig. 16: Model of the connection side
The model of the end-spacer area, with a total length of ﬁ q  is the same that has been used
for the production of the DXF files for the manufacturing of the end-spacers. The connection box is the
piece where the splices of the different leads of the poles are made. Three splices are enough to connect
all the poles of the quadrupole in series. Due to the aperture of the magnet and the twist pitch of the
cable, and angular splice of only ﬁﬂ
l
is not sufficient for making a good connection. Therefore  4 ﬂ
l
splices are used, this makes necessary to use three different levels to make the connection. In addition
another level is used to put the final leads together, an hence minimizing the effect of the length of those
leads in the magnetic quality.
Table 8 is a summary of the effect of the components of the connection side in the overall integrated
field of the magnet. They are calculated by powering only the appropriate component and calculating the
integrated field from BOt to
F
t .
Table 8: Integrated harmonic content created by lead end components (uvKw )
Layer jump End-spacers Splices
Multipole Normal Skew Normal Skew Normal Skew
1 0 0 0 0 xzy {}|a~xXﬁ |$y {C~}x];ﬁ
2 G$y|a~}x];Ł )y |C~}x];_ G$y {C~x]; $yx~x];ﬁ G$y ;xg~}x];ﬁ |$y {C~}x];ﬁ
3 0 0 0 0 oy }|a~x ﬁ xzyx}g~}x _
4 0 0 0 0 {oy]|a~xXﬁ Goy Xxg~}x;_
5 0 0 0 0 {oy }a~xXﬁ $y C~}x];ﬁ
6 G$y {a~}x];_ G{oy |X~xXﬁ G$y C~}x];ﬁ xzy }a~xXﬁ G$y a~}x];ﬁ x)y~}x];ﬁ
7 0 0 0 0 xzyx]a~xXﬁ xzy }a~}x;_
8 0 0 0 0 zy~x;_ xzy }a~}x;_
9 0 0 0 0 oy C~x;_ $y |C~}x];ﬁ
10 oy }|C~}xXﬁ Goy]C~xXﬁ |oy }C~xXﬁ xzy Xxg~xXﬁ x)ya~}x];ﬁ $yxG~xXﬁ
G]
|;xzy]G |oy }G $y ||G
=

|oy  xx]|$y G }
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3.6 Implementation of the end-spacers
Figure 17 represents the connection side of the magnet. Some practical considerations have been taken.
First of all, it has been decided to provide holes to attach the end-spacers to the winding mandrel, it
will simplify the tooling to keep the spacers in place during winding. The holes allow the longitudinal
displacement of the end-spacer of 1 mm to allow to adapt to the cable position. The length of the wedges
is different to increase the shear resistance in the xy plane, for the same purpose the end of the layer jump
is in a different longitudinal position that the end of the wedges.
Fig. 17: Developed view of the connection side
As it can be seen also in figure 17, the lower last end-spacer has a couple of slots to hold the
connections of the quench heater to the outside.
The outgoing leads go straight, without making any special effort in the end-spacer to avoid the
lead being to near of the contiguous pole. This will make a bit more complex the design of the connection
box but simplifies the manufacturing of the end-spacers.
4 Protection
MQM has a relatively high copper current density. Usually that implies problems regarding the protec-
tion of the magnet. Therefore a complete set of quench simulations have to be performed. Although
Roxie doesn’t provide a quench simulation module it can be used for creating the required data for other
simulation tools, for instance Quaber[4] requires the field map and the inductance matrix provided by
Roxie.
4.1 Inductance matrix
In order to calculate the behavior of the magnet after the quench it is necessary to have the inductance
matrix of the magnet. This matrix represents the relative inductance of each layer of all the coils with
respect to all the other layers of the aperture. The definition of the layers in the quadrupole is given in
figure 18 and the inductance matrix is in equation 3. Roxie provides, with the COILBL design variable,
a very a versatile way of grouping the conductors into different blocks in order to calculate the mutual
inductances between them , this is very useful as an input to specialized quench calculation programs.
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Fig. 18: Layers definition.



































































































































The magneto-resistivity of copper implies that the quench simulation tool must be provided with accurate
values of the modulus of the flux density, ¤¦¥
#
¡
¤ , for each conductor of the magnet. This values can be
extracted from a field map plot of Roxie. Another way to estimate the required value is to divide the force
in the conductor by the current, this will work for conductors in which the direction of the magnetic field
doesn’t change very much along its length. Fortunately it seems that future versions of Roxie will provide
the required value directly in its output.
5 Conclusion
This report studies an application case of the use of Roxie for the design of a superconducting quadrupole.
The emphasis has been put in the electromagnetic design of the magnet, but also in the application of
some of the data provided by Roxie for other types of calculations.
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A Use of Roxie with Perl for the sensitivity analysis
This is the Roxie template that is read each time by the perl script. The values of the design variables are
updated according to the equations (1) and (2) in chapter 2.3.
§ ¨ª©¨2©«ª¬­¯®«ª°ª±²³G´µ«¶­¯· §
¸ ±°ªµª¹±º
²¶´·¯¨¯¨ª»¼ ²³¯º¯­ª»¼ ²¯¬·¶³¯®¶»¼ ²½¶³¯­¶¾¯»¼ ²¶¬¯²¯¾¶±»¯¼ ²°¶²¶±µ¶»¼
²°¯³¯®ª´¯»¼ ²ª¹¿®ª±º¶»¼ ²¼¯³¶¨¶»¼ ²³¶À¯°¯®¶»¼ ²¶¾®¶¬­¶»¶µ ²ª¹¿º¯­«»¼
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The following perl program reads the template of the Roxie input, modifies the values of the design
variables according to an internal loop and runs Roxie. Then it extracts the harmonics from the output
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